Small intestinal neuroendocrine tumors (SI-NETs) are rare tumors arising from the enterochromaffin cells of the gut. Having a first-degree relative with a SI-NET has been shown to confer a substantial risk arising from shared environment and genetics. Heritable risk was examined using a computerized genealogy linked to historical statewide cancer data. A population-based analysis of the observed familial clustering of SI-NETs was performed to assess the genetic risk in distant relatives. A test for significant excess relatedness of 384 individuals with genealogy data and histologically confirmed SI-NETs was performed by comparing pairwise relatedness of cases to 1000 sets of matched controls. Overall significant excess pairwise relatedness was found for the 384 cases (P!0.001) and was still observed when closer than first cousin relationships were ignored (PZ0.041). Relative risks (RRs) for SI-NETs were estimated as a ratio of observed to expected number of SI-NET cases among each relationship class. Siblings have a 13.4-fold (P!0.0001) and parents have a 6.5-fold (PZ0.143) RR, suggesting both genetic and environmental influences. The risk extends out to third-degree relatives with a 2.3-fold RR (PZ0.008). Metachronous cancers were also reported in 26% of the SI-NET cases demonstrating an increased RR of colon, bladder, non-Hodgkin lymphoma, melanoma, and prostate cancers. Although SI-NETs are rare, relatives of these cases are at a significantly elevated risk of developing a SI-NET due to heritable genetic factors. Definition of the genetic risk factors will be an important tool for earlier diagnosis and better outcomes for SI-NETs.
Introduction
Carcinoids are rare neuroendocrine tumors; 67% occur in the gastrointestinal tract, primarily in the small intestine (Modlin et al. 2003 , Yao et al. 2008 . Carcinoid tumors of the small intestine, presently called small intestinal neuroendocrine tumors (SI-NETs) derive from enterochromaffin cells of the neuroendocrine system in the gut and during development, originate from the same stem cells as the rest of the gut epithelium (not neural crest). These cells contain a large amount of the body's store of serotonin and, in response to stimuli in the lumen (chemical, mechanical, and pathological) , the release of serotonin regulates gut motility and secretion as well as triggering nausea signals to the brain. SI-NETs comprise w40% of all small intestinal primary tumors and are similar in frequency to adenocarcinomas of the small intestine (DiSario et al. 1994 , Neugut et al. 1998 , Kharazmi et al. 2013 . Incidence of SI-NETs is 0.9/100 000 population per year with the rate steadily increasing over the past 30 years (Kulke & Mayer 1999 , Modlin et al. 2003 , Yao et al. 2008 .
Information about how these tumors arise is limited, but both environmental and genetic risks have been shown to promote risk. Cigarette smoking and alcohol are associated with an elevated odds ratio (5.8 and 4.4 respectively) (Neugut et al. 1998) . Much of what is known about familial contribution of SI-NETs has come from the Nordic population databases going back to the 1950s and looking at first-degree relationships. These studies have reported high relative risks (RRs) of nine to 11-fold and a standardized incidence ratio of 13 in first-degree relatives representing shared genetics and environment (Hemminki & Li 2001 , Hiripi et al. 2009 , Kharazmi et al. 2013 ).
A few rare genetic syndromes include carcinoid cancers within the tumor spectrum, including syndromes caused by mutations in MEN1, RET, CDKN1B, and NF1 (Zikusoka et al. 2005) . SI-NETs, however are uncommon even these syndromes. Somatic mutations in CDKN1B/ p57 are commonly identified in SI-NETs, but to the author's knowledge no SI-NET has been reported in patients with germline mutations in CDKN1B (Francis et al. 2013) . Recently, a germline mutation in inositol polyphosphate multikinase (IMPK) was identified in a single large multi-generation family with multiple SI-NETs (Sei et al. 2015) . The remaining 32 families in this study, however, did not harbor mutations in IPMK. These syndromes along with this single family with an IMPK mutation explain an extremely small portion of familial SI-NETs. Much of the genetic predisposition is yet to be defined.
Here we expand upon previous reports describing the familial nature of SI-NETs and demonstrate genetic risk in distant relatives thereby removing the shared environmental risk. We used the Utah Population Database (UPDB), a resource of 1.6 million individuals in six or more generation pedigrees dating back to the 1800s and linked with statewide cancer records, dating back to 1966. The Utah population represents a broad Northern European ancestry and has low rates of tobacco and alcohol use, both of which are confounding environmental risk factors for SI-NETs (McLellan et al. 1984 , Merrill et al. 2003 , Lao et al. 2008 . Our analysis shows strong evidence of significant excess relatedness of cases and significantly elevated risks for SI-NETs in close and distant relatives.
Subjects and methods
This study has been approved by the Institutional Review Board for Human Subject Research of University of Utah and the Resource for Genetic and Epidemiological Research which oversees use of UPDB.
Utah Population Database
A computerized genealogy of Utah was created in the 1970s (Bean et al. 1978 , Skolnick 1980 to represent the Mormon pioneers and their descendants and is an integral part of the UPDB. The Utah genealogy has been extended with Utah vital statistics (e.g., mother, father, and child trios from birth certificates) and individual geographic and demographic data (e.g., census and driver's license data) for much of the Utah population. UPDB currently numbers eight million unique individuals. The genealogy data from UPDB used in this study includes the 2.8 million individuals who are part of at least a three generation family, and who connect to the original Utah genealogy; this insures that all cases and controls analyzed are similar with respect to genealogical data available. The statewide Utah Cancer Registry (UCR) data have been linked to the UPDB genealogy data, allowing description of the observed familial clustering of cancers in Utah.
Utah Cancer Registry
The UCR was started in 1966 and became a National Cancer Institute Surveillance, Epidemiology, and EndResults (SEER) Registry in 1973. The contribution of cancer data to the UCR is mandated by state law; all independent primary tumors diagnosed or treated in the state are included and confirmed by histopathology. SI-NETs were identified with primary site 170-179 and histology 8240-8244 and 8249 from the International Classification of Diseases for Oncology, Revision 3 (ICD-O).
Genealogical index of familiality method
In the presence of a genetic contribution to predisposition to SI-NETs, cases should be more related to each other than expected in the Utah population. To test the hypothesis of excess relatedness among the cases, the average pairwise relatedness of individuals diagnosed with SI-NET was measured and compared with the average pairwise relatedness for a matched, randomly selected similar group of individuals from the UPDB as described previously (Albright et al. 2012) . The degree of relatedness of a pair of individuals was measured using the Malécot coefficient of kinship, that is, the probability that randomly selected alleles at the same chromosomal location from the two individuals are identical by descent from a common ancestor. The coefficient was 0.5 for parent/offspring, 0.25 for siblings, 0.125 for avunculars, and so forth. The case genealogical index of familiality (GIF) is the mean of the coefficients of kinship for all pairs of cases. The coefficient for any randomly selected pair of individuals in the population is expected to be close to 0. The case GIF is multiplied by 10 5 for ease of presentation.
To test the hypothesis of excess relatedness among the cases, an empirical distribution for the expected pairwise relatedness was created. For each case, a control was selected at random from the UPDB, matched on sex, 5-year birth cohort, having three or more generations of genealogy data, birth state (in or out of Utah), and birth county for individuals born in Utah (urban or rural) resulting in a control set of the same size as the case set. This matching strategy accounts for potential differences in kinship and risk based on differences in birth year, sex, and place of birth. One thousand independent control sets were selected and the GIF measured for each set to create an empirical distribution of average relatedness under the null hypothesis of no excess relatedness among the cases. The empirical significance of the hypothesis for excess relatedness was obtained by comparing the case GIF to the distribution of the average GIF measurements from a set of 1000 matched controls. Among close relationships, it is difficult to identify whether excess relatedness is due to shared environment or shared genetic composition, or a combination. Among more distant relationships, significant excess relatedness is indicative of a genetic contribution. We compared contributions with the GIF statistic for cases and controls across genetic distance. In the GIF analysis, genetic distance is approximated by path length between individuals in a pair. For example, a parent and a child are assigned a genetic distance of one, siblings a genetic distance of two, an aunt and a niece a genetic distance of three, and so forth. The empirical significance of the overall GIF test tells us whether overall excess pairwise relatedness is observed. This same test is also performed ignoring all close relationships (closer than first cousins) to determine whether the excess relatedness is also significant when ignoring all close relationships; this test is termed the distant GIF (dGIF) and an empirical P value is also calculated from the comparison of the 1000 control distributions to the case distribution.
The contribution to the GIF statistic by genetic relationship also allows consideration of what relationships contribute most to excess relatedness; this can be graphed by pairwise genetic distance (genetic distanceZ1 represents parents/offspring, two primarily represents siblings, three primarily represents uncle/niece and other avuncular pairs, four primarily represents first cousins, and so forth) for cases compared with the controls (see Fig. 1 ).
RR method
Estimation of the RR for a disorder among the relatives of individuals with that disorder is a traditional method used to evaluate evidence for a heritable contribution. RRs define the risk to relatives compared with the population risk by estimating the ratio of the number of observed cases among the relatives to the number of expected cases among the relatives (based on population rates). Typically RRs are considered for close relationships only since data Contribution to the GIF statistic by pairwise genetic distance for cases vs controls. Genetic distance between pairs is shown on the x-axis and represents an increasing measure of relatedness from close to distant (1Zparent/offspring, 2Zsiblings, e.g., 3Zuncle/niece, 4Zfirst cousins). The cumulative contribution to the GIF statistic for each relatedness (as measured by genetic distance) for all pairs identified at that genetic distance is represented on the y-axis. An excess of pairwise relationships was observed for first-, second-, and third-degree relatives (pairwise genetic distance 1-4), as was observed in the RR analysis. Excess pairwise relationships were also observed for more distant pairs, including an excess for example for third cousins (genetic distanceZ8).
for more distant relatives is difficult to obtain, and because the number of relatives increases significantly at each degree of distance. To estimate population rates for SI-NETs, we assign all individuals in the UPDB who have at least three generations of genealogy to one of 205 cohorts based on their sex, 5-year birth cohort, birth state (Utah or elsewhere), and birth county for individuals born in Utah (urban or rural). We estimate cohort-specific rates of SI-NET by dividing the number of SI-NETs in each cohort by the total number of individuals in the cohort.
To estimate RR for first-degree relatives, for example, all individuals defined as cases are considered, and their first-degree relatives are counted by cohort (without duplication). The cohort-specific SI-NET rates are applied to these counts and summed over all cohorts to determine the number of expected SI-NETs among the first-degree relatives. The observed SI-NETs among the first-degree relatives are counted, without duplication. The RR for SI-NET among the first-degree relatives of individuals with SI-NET is the ratio of observed to expected cases.
The RR was similarly estimated for second-and thirddegree relatives and for cancers of different sites as previously described (Teerlink et al. 2012 ). The RR is assumed to follow a Poisson distribution with the mean equal to the number of expected cases among the relatives. Tests of significance and 95% CI for the RR statistic can be calculated using the Poisson distribution under the null hypothesis that the RR is equal to unity. While significantly elevated risks in first-degree relatives are suggestive of a genetic contribution to disease, they may also result from shared environment, or a combination of both genes and environment. However, significantly elevated risks for second and/or third-degree relatives are more strongly supportive of a genetic contribution.
High-risk pedigree identification
To identify high-risk pedigrees all ancestors for all SI-NET cases are identified and all clusters of cases descending from a founder (pedigree) can be determined. Using the method described for RRs, we apply population rates for SI-NET to all descendants in the pedigree to determine whether there is a significant statistical excess of observed to expected cases. In the presence of a significant excess of SI-NETs (P!0.05), the pedigree is termed high risk.
Results
All 384 SI-NET cases were identified in the UCR as malignant independent primary cancers; all cancers in UCR are confirmed histopathologically. The distribution of the detailed site of the 384 SI-NETs showed 31 (8%) were located in the duodenum, 44 (11%) in the jejunum, 159 (41%) in the ileum, 5 (1%) in the meckel diverticulum, 6 (2%) were overlapping lesions of small intestine, and 139 (36%) were classified as small intestine, location not specified (NOS). The histology code was 8240 (carcinoid tumor) on 99% of the cases the remainder being 8241 (argentaff carcinoid tumor, nZ4) and 8244 (composite carcinoid, nZ1). Of the 384 cases, 219 (57%) cases were male.
Overall, 100 other primary malignancies were observed in the 384 SI-NET cases (26%) which is consistent with reported SEER data (Amin et al. 2012) . Of the 100 SI-NET cases with cancer of another site, 21 individuals had three independent primaries and seven individuals had four independent primaries. The most common sites observed were colon cancer (nZ24), prostate cancer (nZ28), melanoma (nZ10), non-Hodgkin lymphoma (NHL) (nZ10), breast cancer (nZ7), and bladder cancer (nZ8). Table 1 shows those cancers that were observed in significant excess in SI-NET cases; as seen, these cancers were all observed in significant excess except breast cancer (Obs.Z7, Exp.Z7.9, RRZ0.86, data not shown). The SI-NET was the first cancer diagnosed in 32 of these 100 cases with SI-NET and cancer of another site; 53 of the SI-NETs were observed as the second cancer, 13 were the third cancer, and two were the fourth cancer diagnosed. The majority of these diagnoses of cancers of other sites were made before the SI-NET diagnosis (nZ62) and ranged from 50% of bladder cancers being diagnosed before SI-NET to 80% of NHL cancers being diagnosed before SI-NET.
The results for the GIF test for excess relatedness of the cases are shown in Table 2 which include the sample size (n), mean GIF, mean control GIF, the empirical significance for the overall test of all relatedness (P value), the mean dGIF, the mean control dGIF, and the empirical significance of the distant GIF test for a significant excess of the distant relationships (P value). Overall significant excess pairwise relatedness was noted for the 384 cases (P!0.001); in addition, when close relationships (closer than first cousin) were ignored, significant excess relatedness was still observed (PZ0.043). The GIF test compares the mean pairwise relatedness of the cases with the mean of 1000 sets of matched controls. Figure 1 shows the contribution to the GIF statistic (y-axis) by the pairwise genetic distance (x-axis) for cases compared with controls. As can be observed, both close and distant excess relationships were observed for the cases even out to genetic distanceZ4 (first cousins).
Relative risks
RRs for SI-NET were estimated in first-, second-, and thirddegree relatives of SI-NET cases; separately for the three different types of first-degree relatives (siblings, parents, and offspring); and for spouses. Estimated RRs are shown in Table 3 , which includes the type of relative, the number of relatives (n), the observed number of SI-NETs in the relatives (obs.), the expected number of SI-NETs in the relatives (exp.), the significance of the RR hypothesis test (P), the estimated RR, and the 95% CI for the RR.
Significantly elevated RRs for SI-NET were observed for first-, second-, and third-degree relatives of the cases. No SI-NETs were observed among the 316 spouses of the 384 cases.
The age at diagnosis of SI-NET among the siblings ranged from 57 to 87, four of the eight cases were female, and survival ranged from 27 to 369 months for the six deceased cases. The age at diagnosis for the eight SI-NETs among the second-degree relatives ranged from 54 to 78 years, five cases were female, and survival ranged from 0 to 320 months in the seven deceased related cases.
It is also of interest what cancers of other sites occur in relatives of cases diagnosed with SI-NET; estimated RRs are shown in Table 4 . All cancer sites for which significantly elevated RRs were observed for any type of relative are shown in Table 4 for each type of relative. The significant excess of thyroid cancers in first and second-degree relatives of cases diagnosed with SI-NET suggests that some of the association of cancers of other sites in relatives may be due to genetic syndromes which include thyroid cancer in their spectrum. The similar observation of significant excess of colon cancers in the SI-NET cases as well as first-and second-degree relatives may suggest a genetic syndrome for colon cancer includes increased risk for SI-NETs.
High-risk pedigrees
One-hundred and forty-four of the 384 cases of SI-NET are members of high-risk pedigrees. We identified 73 high-risk pedigrees (P!0.05) with two to seven cases: one pedigree with seven cases, two pedigrees with six cases, two pedigrees with five cases, three pedigrees with four cases, 12 pedigrees with three cases, and 53 pedigrees with two cases. Sixty-two percent are of the cases in high-risk pedigrees are male. Similar to the entire cohort, 24% had another primary cancer and the SI-NET histology was almost exclusively 8240 with the exception of one case which was 8241 (argentaff carcinoid tumor). The distribution of SI-NETs in the small intestine of the cases who were members of high-risk pedigrees was also similar to the distribution in all 384 Si NET cancers, with 5% in the duodenum, 13% in the jejunum, 43% in the ileum, Counts of different types of first-degree relatives are not additive because there is no duplication in counting; an individual who is both a parent of a case and a child of a case, for e.g., would only be counted once as a first-degree relative but would be counted once as a parent and once as a child when these categories are considered separately.
1% Meckel diverticulum, 1% in the overlap of the small intestine, and 37% NOS. Figure 2 shows an example pedigree with 5 SI-NET cases. The founder has almost 10 000 descendants; only 0.78 SI-NETs are expected in these descendants (PZ1.6!10 K4 ). Among the descendants, there is an overall excess of cancer with 315 observed and 283.2 expected (PZ0.03).
Discussion
The existence of a Utah resource combining up to 15 generations of genealogy with statewide cancer data from 1966 has allowed testing the hypothesis of a heritable contribution to SI-NET. The methods used in this study have previously provided evidence for a heritable component to many different cancer types (Albright et al. 2012 , Teerlink et al. 2012 . The Utah data analyzed represents a homogeneous population that has been shown to be genetically representative of Northern Europe, with normal (low) inbreeding levels (McLellan et al. 1984 , Jorde & Morgan 1987 , Jorde 1989 .
Evidence for excess relatedness for SI-NET cases was observed for both close and distant relationships. Using the RR approach, there were significantly more affected first-, second-, and third-degree relatives of probands than expected when compared with the population rates; as is typical for RR estimates, more distant relationships were not considered. The GIF analysis, which does not utilize population rates of disease, but rather considers relatedness among all possible pairs of cases compared with the relatedness of similar individuals in the UPDB, also identified significant excess pairwise relatedness of SI-NETs; more distant relationships are considered in the GIF pairwise approach and an excess was observed. No SI-NETs were observed among the spouses of the cases suggesting no late environmental effects. The results of this study provide additional support to the observation that the co-occurrence in siblings is nearly twice that of parent-offspring (Kharazmi et al. 2013) suggestive of a strong genetic and environmental interaction. Metachronous cancers were also observed in 100 (26%) of the 384 SI-NET cases. This observation is similar to national SEER data of 8331 patients with SI-NETs diagnosed between 1973 and 2007 whereby 2424 (29%) had another primary malignancy at some time (Amin et al. 2012) . Most of the common metachronous cancers observed in Utah were also reported in the SEER data; the exception being lung cancer, which might be explained by the well-documented low smoking rates in the Utah population (Merrill et al. 2003) . Only 2% of the Utah cases had lung cancer while 6.3% of the SEER cases had lung cancer. Of the cancers associated with increased risk in SI-NET cases, colon, renal, and prostate cancers are reported in other populations (Amin et al. 2012 , Kharazmi et al. 2013 . The twofold increase in RR of melanoma appears unique to the Utah population. This is not unexpected since Utah has the highest rate of melanoma in the USA (United States Cancer Statistics 2011) allowing for detection of association with SI-NET.
The UPDB represents a unique resource, one of very few in the world, that can be used to study a large population of related individuals linked to cancer information that does not rely on self-reported cancer histories. As with any large population data resource, limitations exist with regard to the scope of the data. Approximately 70% of the individuals diagnosed with cancer in Utah link to UPDB genealogies, however those cancers that do not link to genealogies or are diagnosed before 1966 are excluded from the analysis. Additionally, the potential exists for some pedigree relationship data inaccuracies, for e.g., relationships like adoptions may be represented as biologic children. However, such misrepresentation or censoring would be expected to be present in both case and control relationships and would be expected to lead to conservative estimates or tests rather than bias.
In conclusion, we have demonstrated a significant familial risk of SI-NETs extending well beyond first-degree relatives. First-, second-, and third-degree relatives of SI-NET cases are at an elevated risk of co-occurrence and although this cancer is rare, heightened awareness in families is important. Because SI-NETs are often diagnosed at advanced stages when prognosis is dramatically diminished, understanding familial risk, and eventually the responsible genetic risk variants is an important tool for prevention (Kulke & Mayer 1999) . The cohort of large multi-generation high-risk SI-NET families identified through UPDB are a valuable resource for future genetic studies.
